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The T.E. Maxson Wastewater Treatment Plant (WWTP) located in Memphis, TN is 
designed to treat 90 million gallons per day (mgd) of municipal and industrial wastewater daily. 
Bar screens, primary clarifiers, biotowers, activated sludge and secondary clarifiers are main 
treatment units. Biotowers are one of major sources of odorous emissions usually under 
anaerobic condition. In other words, removing more colloidal and suspended organics in primary 
clarifiers can improve biotower performance and decrease malodorous conditions in biotowers.  
Chemically enhanced primary treatment (CEPT) is using chemical treatment in primary 
clarifiers to promote particulate contaminant removal. The main goal of this research was to 
study contaminant removal efficiency of different coagulants, polymers and their blends on 
influent wastewater of Maxson WWTP. In this regard, the effect of alum, ferric sulfate, 
aluminum chlorohydrate (ACH), polydiallyldimethylammonium (polyDADMAC), polyamine 
and ACH-polyamine, and ACH-polyDADMAC were examined in terms of enhancing removal 
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1.1. Maxson Wastewater Treatment Plant  
The T.E. Maxson Wastewater Treatment Plant (WWTP) was originally constructed in 
1975. It was the city’s first publicly-owned treatment plant serving the wastewater treatment 
needs of the City of Memphis with a population in 2010 of over 646,000 people. Local residents, 
businesses, and industries in the service area generate about 80 million gallons per day (mgd) of 
wastewater that contains approximately 40% of organic loading from domestic and commercial 
wastewater, and about 60% of organic loading from industrial facilities. Notably, only 25% of 
the wastewater flow comes from industry. 











After several upgrades, the current flow diagram of the WWTP is shown Figure 2. 
Some of the design and operating parameters for Maxson WWTP are shown in Table 1. 
Raw wastewater flows through aerated grit chambers and bar screens to remove large, heavy 




































Figure 2: Flow Diagram of T.E. Maxson WWTP 
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Influent then proceeds through primary clarifiers located upstream of biotowers and an 
activated sludge process. These basins are designed to remove readily settleable total suspended 
solids (TSS) utilizing gravity and a short detention time (1.5 to 2.5 hours). Approximately 63% 
of the influent TSS is removed from the wastewater in the primary clarifiers. Because some of 
the influent TSS that is removed in the primary clarifiers is biodegradable organic matter, 
Biochemical oxygen demand (BOD5 ) removal in the primary clarifiers also occurs and is about 
10 to 60 percent with an average of 26%. 
The effluent of primary clarifiers then proceeds to super-rate trickling filters known as 
biotowers that are the first stage of a biological treatment process. This influent can be a 
combination of primary clarifier effluent, recirculation flow that returns a part of biotower 
effluent to the head of biotowers, and sometimes returned activated sludge (RAS). This liquid is 
Total average daily flow rate (design) 90 mgd 
Average influent BOD5  concentration  869 mg/L 
Average influent BOD5 mass loading  519412 lb/day 
Average influent TSS concentration  646 mg/L 
Average influent TSS mass loading  386014 lb/day 
Average influent flow rate 72 mgd 
Average effluent BOD5 concentration  35 mg/L 
Average effluent TSS concentration  42 mg/L 
Average effluent TSS mass loading  25123 lb/day 
Average effluent BOD5 mass loading 20955 lb/day 
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distributed over the biotowers and is treated while trickling through 21 feet of media covered by 
live microorganisms in a facultative condition. 
The biotowers can operate in an activated biofilter (ABF) mode or roughing mode. In the 
ABF mode, RAS is added to the primary clarifier effluent before being pumped to the top of the 
biotower. Meanwhile, in the roughing mode, RAS is added after the biotower as a part of 
activated sludge influent. Influent BOD5 decreases and influent TSS increases across the 
biotowers. The purpose of the biotowers is mostly to remove soluble biochemical oxygen 
demand (BOD) rather than to reduce TSS. As such, TSS may increase across the biotowers due 
to biofilm sloughing. The biotowers are also one of the primary sources of odor at the treatment 
plant.  
Biological degradation in aeration tanks is the next step in the treatment process. Finally, 
the liquid proceeds to secondary clarifiers in which gravity separates settleable microorganisms 
and clears the effluent, which is directly discharged into the Mississippi River. 
The wastewater treatment plant employs a series of anaerobic lagoons to break down waste 
activated sludge (WAS) and primary sludge. One of the end products of this process is biogas, 
which could be sold to the utility network or flared on-site. Lagoon supernatant is returned to the 
headworks of the plant to be treated. Digested sludge is stored and dewatered using a belt filter 








Table 2 provides a performance summary for the primary clarifiers, biotower units and the 
Maxson WWTP in terms of TSS and BOD5 removal. 
Table 2: 2012-15 MAXSON WWTP Removal 
 
Primary Primary Maxson Maxson  
Clarifier Clarifier WWTP WWTP  
TSS BOD5 TSS BOD5  
Removal% Removal% Removal% Removal% 
Nov-12 51.5 16.5 94.1 94.1 
Dec-12 59.5 20.3 85.3 91.7 
Jan-13 -14.3 11.8 87.0 91.3 
Feb-13 74.0 11.6 90.8 93.8 
Mar-13 62.8 11.2 92.9 95.7 
Apr-13 54.4 8.0 93.3 95.3 
May-13 46.5 14.8 91.9 95.4 
Jun-13 43.5 13.5 92.4 95.7 
Jul-13 49.1 12.3 91.8 95.4 
Aug-13 68.2 21.4 94.5 97.1 
Sep-13 74.7 21.7 95.4 97.1 
Oct-13 69.1 19.6 95..0 97.5 
Nov-13 71.9 21.8 95.0 97.4 
Dec-13 74.4 18.8 91.6 95.8 
Feb-14 71.5 23.2 89.2 95.0 
Mar-14 71.4 19.9 92.0 95.2 
Apr-14 73.1 30.5 92.8 96.6 
May-14 72.5 33.8 94.4 94.4 
Jun-14 56.7 33.5 91.1 94.7 
Jul-14 59.6 34.8 94.8 97.6 
Aug-14 56.6 38 91.1 94.7 
Sep-14 56.6 31.9 91.1 94.8 
Jan-15 78.6 36.6 94.1 96.4 
Feb-15 74.0 34.3 94.8 96.4 
Mar-15 74.8 33.5 92.6 94.3 
Apr-15 63.7 40.2 96.2 96.3 
May-15 74.6 43.6 96.6 96 
Jun-15 76.2 41.7 94.9 96.1 
Jul-15 67.6 33.3 94.9 96.3 
Aug-15 70.4 44.4 95.7 96.7 




Wastewater tests were completed at the Maxson wastewater treatment laboratory to 
evaluate compliance with effluent quality standards. Gravity separation of floatable and 
settleable solids and relatively inexpensive removal of BOD, chemical oxygen demand (COD), 
and TSS from the influent raw wastewater are the main objectives of primary sedimentation 
(Manahan, 1993; WEF, 2005). 
The efficiency of its operation influences directly the size, capacity and performance of 
subsequent treatment units. Moreover, primary clarifier performance can improve by using 
physical/chemical utilities such as chemical coagulants, flocculant aids, rapid mix, and 
flocculation before the settling tank. Chemically enhanced primary treatment (CEPT) is often 
applied to achieve nutrient, heavy metal and hydrogen sulfide removal (WEF, 2005). 
Different treatment units of a WWTP can release odorous, contaminant emissions. These 
days, odor is a major concern of communities living in the neighborhood of the Maxson WWTP 
and cannot be tolerated easily.  
The emissions from WWTP can result in an unpleasant and unhealthy situation for human 
beings and a corrosive environment for equipment and structures including concrete, sewer pipe 
walls, exposed metal, paints and galvanized structures and electronics. Consequently, it is a high 
priority for present wastewater treatment facility design, construction, and operation to consider 
odor related issues (WEF 2005). 
The malodorous smell of a trickling filter is mostly due to organic overloading, or plugging 
of the media of the trickling filter or underdrains. Each of these conditions can reduce air 
recirculation that results in an anaerobic environment (Nelson et al., 2007). 
Considering the frequent complaints of odors from residential and commercial neighbors of 
the Maxson WWTP, one of the purposes of this research was to study the possibility of 
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eliminating the biotowers from the treatment process, since they are the primary source of 
odorous emissions. Removing a significant amount of influent TSS and BOD5 by applying CEPT 
in the primary clarifiers could reduce contaminant loading into the activated sludge process so 
that the biotowers could be eliminated. 
1.2. Purpose of the Study 
The main objectives of this research are to: 
I. Evaluate the impacts of various coagulants on primary clarifier effluent quality. 
II. Optimize the dosages of various coagulant/flocculant combinations.  
III. Optimize pH to enhance chemical coagulation. 
IV. Determine the effectiveness of various coagulant/flocculant combinations to improve 
primary clarifier performance.  
V. Estimate the ability of CEPT/ primary treatment to reduce pollutant loadings on the 
activated sludge process. 










2. LITERATURE REVIEW 
2.1 Colloids 
In water and wastewater engineering, colloids are usually referred to as electrically charged 
solid materials dispersed in a liquid that do not settle by force of gravity. A portion of pollution 
in wastewater is because of non-settleable solid particles that have a particle size from 10-6 mm 
to 10-3 mm (Reynolds et al., 1996). Three different types of colloids are present in wastewater: 
hydrophobic, hydrophilic and association colloids. Hydrophobic colloids such as clay and metal 
oxides have no attraction for a liquid medium, while hydrophilic colloids such as gelatin, starch, 
and proteins, have a great affinity for the solvent (Tchobanoglous et al., 2014). 
Strong forces from chemical bonds between hydrophilic colloidal particles and water 
molecules result in a situation where it is not easy to destabilize colloidal solutions. In contrast, 
fragile forces of electrostatic repulsion keep hydrophobic colloids from aggregating and settling, 
which means hydrophobic colloids are susceptible to destabilization (Loeb, 1923) 
2.2 Coagulation/Flocculation 
Coagulation is the process of chemical destabilization of colloidal particle charges in 
wastewater, so that slightly larger flocs can form. Flocculation is gentle agitation to bring 
submicroscopic micro flocs into contact and enhance agglomeration into visible suspended 
particles. It is more feasible to separate these large agglomerates, which is usually done through 
sedimentation. A coagulant is a chemical that reduces the effects of particle charge. 
The following chemicals are typically used as coagulants: 
1. Natural and synthetic organic polymers. 
2. Metal salts: alum, ferric chloride, etc. 
3. Prehydrolyzed metal salts: polyaluminum chloride (PAC), poly iron chloride (PIC),  
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poly diallyldimethylammonium chloride (poly DADMAC), etc.  
After introducing a coagulant to wastewater, one or more of following mechanisms could 
occur to destabilize the system (Crittenden et al., 2005 and Duan et al., 2003): 
i. Compression of the electrical double layer. 
ii. Adsorption and charge neutralization. 
iii. Adsorption and interparticle bridging. 
iv. Enmeshment in precipitate (by use of excess coagulant dose, “sweep flocculation”). 
Compression of the electrical double layer is a result of increasing the ionic strength of a 
solution by adding an indifferent electrolyte such as charged ions (Crittenden et al., 2012). 
Shrinking the electrical double layer makes it easier for van der waals forces to overcome 
repulsive forces between particles that results in an increase in floc-forming due to Brownian 
motion. 
A neutralization mechanism will decrease the surface charge of colloidal particles such that 
coagulation can start. In this case, colloidal particles in wastewater adsorb oppositely charged 
ions or polymers. Notably, by overdosing wastewater with the coagulant, it is possible to get 
charge reversal of particles, which means a re-emergence of repulsive forces and re-stabilization 
of particles (Tchobanoglous et al., 2014). 
The third possible mechanism of a coagulant in wastewater is interparticle bridging in 
which polymer chains become adsorbed on the surface of colloidal particles at various sites 
along the polymer length. The adsorption usually is a result of: 1) coulombic (charge-charge) 
interaction, 2) dipole interaction, 3) hydrogen bonding, and 4) van der Waals forces (Hunter et 
al., 2001). An adequate amount of polymer and mixing in wastewater will result in the formation 
of large particles that can be easily removed.  
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Sweep flocculation requires high dosages of aluminum and iron salts. In this case, 
coagulants form significant amounts of metal hydroxide flocs. Colloidal particles become 
entrapped in these precipitates as they sweep through the water and then settle.  
2.3 CEPT in Municipal WWTPs 
Using chemicals to improve coagulation and the flocculation process in municipal 
wastewater treatment was practiced in England in the second half of the nineteenth century. The 
benefit was limited by the production of large amounts of sludge, especially after developing 
biological wastewater treatment processes (Harleman et al. 2002). 
According to Parker et al. (2001), in the 1960s, chemical suppliers such as DOW Chemical 
began bench-scale research using a combination of a small dosage of a coagulation agent such as 
ferric chloride and a supplemental anionic polymer. They were successful in introducing their 
work and using it in full-scale treatment plants at Buffalo, New York, Benton Harbor, Michigan 
and Cleveland, Ohio. 
Further application of CEPT then extended to Tampa, Florida with alum and polymer. The 
removal percent for TSS and BOD were 83% and 44%, respectively (Wilson et al. 1975). Later, 
in Windsor and Sarina plants in Ontario, CEPT was tried. At the Windsor plant, ferric chloride 
(17 mg/L as Fe) and 0.3 mg/L of anionic polymer showed the best results (Heinke et al., 1980).  
At the same time (1970s) European countries such as Scandinavia, Sweden, and Norway 
also began to employ CEPT technology (Parker et al. 2001). In Norway, BOD and TSS removal 
were 82% and 87%, respectively. Notably, although wastewater in Norway is generally fresh, 
weak and cold, it needs a much higher chemical dosage in comparison with CEPT processes in 
North America (Odegaard, 1998). 
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In California in 1985, according to Morrissery et al. (1992), both the Point Loma treatment 
plant of San Diego and Hyperion treatment plant of Los Angeles began modifying the treatment 
plants for using CEPT. Point Loma added 35 mg/L of FeCl3 before grit chambers and 0.26 mg/L 
of an anionic polymer in the influent channel. Average annual removal for 1989 was 80% of 
TSS, 57% of BOD, 42% of fat, oil, and grease (FOG), and 75 % of total phosphorus (TP).  
The hyperion treatment plant added 20 mg/L of FeCl3 and 0.25 mg/L anionic polymer. The 
results when using CEPT was an annual removal of 83% TSS, 52% BOD, and 80% of TP 
(Morrissery et al. 1992). 
According to Morrissery, Harleman et al. (1997), the world’s largest CEPT plant was built 
in Hong Kong in 1997 with a capacity of 40 m3/s (912 mgd). Studies reported that using 10 mg/L 
of ferric chloride (FeCl3) and 0.15 mg/L of polymer improved the removal of BOD from 42% to 
80 % and TSS from 71% to 91% in WWTP. Another research in reports that using 30 ppm of 
ferric chloride (FeCl3) enhanced TSS, total nitrogen (N) and total phosphorus (P) removal more 
than 80%, 70% and 40%, respectively (Poon et al. 1999). 
Recently, CEPT is considered as a reliable technology to treat municipal wastewater. 
Aiyuk et al. (2004) used chemical- physical – biological treatment for removing carbon and 
nutrients from municipal wastewater. They used FeCl3 and anionic organic flocculant (Allied 
colloids E10) in CEPT pretreatment phase of research and succeed to remove 85% of TSS and 
80% of PO43- present in wastewater. 
2.4 CEPT in Industrial Wastewater Treatment 
Wastewater effluent from the leather industry is well known as containing significant 
pollution. Tannery wastewater contains a large amount of contaminants including salinity, 
organic loading (COD and BOD5), ammonia and organic nitrogen, chromium, and sulfide (Roš, 
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M., & Gantar, A. 1998). Among various physical-chemical techniques for reducing contaminants 
in tannery wastewater, CEPT is the most widely used process. In recent years, some studies have 
been done on treating tannery WW in a way that is environmentally acceptable.  
Choi et al. (2001) used an alum-polyamine combination to remove color, turbidity, and 
organic compounds from dye wastewater. They confirmed that using alum with polyamine as a 
flocculent has higher removal efficiency when compared to alum alone.  
Song et al. (2004) used aluminum sulfate and ferric chloride for the tannery wastewater 
treatment. By applying an optimum dosage (800 mg/L) of coagulant at an optimum pH range 
(about 7.5), they were successful in removing 38-46% of TSS, 30-37% of COD and 74-99% of 
the chromium concentration.  
Textile industries also consume a significant amount of water, and their effluent may 
contain hazardous contaminants. Mahmoud (2008) studied the effect of using ferric chloride, 
aluminum sulfate, and a cationic polymer in chemically-enhanced primary treatment of textile 
wastewater. The jar test results showed 300 ppm of alum was the optimum dosage for removing 
75% of color, 64% of turbidity, and 69% of COD. He also reported that adding 1 mg/L of 
cationic polymer improved removal percent to 95% of color, 75% of turbidity, 76% of COD and 
90% of phosphorous. 
Heydar et al. (Heydar & Anwar Aziz, 2009) reported that using a combination of alum with 
cationic polymer C-492 for the tannery wastewater treatment could result in efficient turbidity, 
suspended solids and COD removal. They indicated that with 5 mg/L cationic polymer C-495, 
the optimum dosage of alum was 100 mg/L.  
Razali et al. (2010) studied different molecular weights of polydiallyldimethylammonium 
chloride (polyDADMAC) in the treatment of pulp and paper mill wastewater. They 
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demonstrated that the pollutant removal efficiency of POLYDADMAC depended on its 
molecular weight. They observed more than 90% COD reduction by using polyDADMAC 
(Razali et al., 2010).   
Stephenson et al. (1996) reported on how using both chloride and sulfate salts of iron and 
aluminum was efficient for treatment of mechanical pulping effluent and removal of total carbon 
(TC), color, and turbidity of up to 88%, 90 and 98%, respectively.  
Harleman et al. (1999) recommend conducting more research about CEPT as a high-flow 
rate, cost effective and efficient technology. As mentioned in the literature review, applying 
polymers in primary clarifiers as secondary coagulants demonstrated a significant improvement 
in contaminant removal. 
2.5 Nutrient Requirements in Activated Sludge Process 
In order to synthesis and reproduce, microorganisms require energy, carbon, and nutrient 
sources in biological treatment process. Although nutrient removal is one of objectives of 
activated sludge process, lack of nutrient could inhibit microbial cell synthesis and growth. 
Considering C12H87O23N12P as cell biomass composition, indicates that about 12.2 g of nitrogen 
and 2.3 g of phosphorus are needed per 100 g of cell biomass (Tchobanoglous et al., 2014). 
Insufficient nutrient content in wastewater could cause sludge bulking and poor BOD and 
COD removal. Nutrient deficiency is a common problem in industrial wastewater, but municipal 
wastewater is usually considered as containing sufficient amount of growth factor nutrients    





3. MATERIAL AND METHODS 
3.1 Municipal Wastewater Samples 
Wastewater samples were collected from the Maxson wastewater treatment plant in 
Memphis, TN during the period from June 10 to October 5, 2015. The grab samples were taken 
from the influent wastewater just before entering the primary clarifiers in 15-liter containers. 
Before each jar test, the sample was shaken to suspend settled sediment before transfer to jars. 
Test procedures used for the experiment were done within 48 hours of sampling. 
Various physical parameters of the Maxson WWTP primary influent were determined 
according to procedures in Standard Methods (Standard method) and Hach Inc (HACH) as 
summarized in the research plan in Table 3 (page 21). 
3.2 Coagulants 
Due to the variety of chemicals available for CEPT, different wastewater characteristics, 
and financial considerations, deciding upon the best chemical/(s) to use requires careful analysis. 
In this study, preliminary jar tests were done to select between different aluminum and iron salts 
and polymers. A chemical vendor (Mr. Dan Thompson with Ideal chemical Company assisted 
with the preliminary jar tests). 
Aluminum sulfate (“alum”) is one of the most widely used metal coagulants. It is supplied 
as an off-white crystal or liquid. When alum is added to wastewater, metal hydroxide 
precipitation will occur. Enmeshment in the precipitates and coagulation occur as the insoluble 
aluminum hydroxide precipitates are mixed throughout the wastewater. Aluminum is least 
soluble at a pH of about 6.2. A practical pH range of 5.8 to 8 can be considered for wastewater 
treatment. Adding aluminum sulfate to water produces hydrogen ions (H+) and hence acts like 
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an acid by decreasing the pH of the water; alkalinity mostly in the form of CaCO3 is necessary to 
keep the pH level at a range in which optimum coagulation occurs.  
The simplified chemical reaction is: 
𝐴𝐴𝑙𝑙2(𝑆𝑆𝑆𝑆4)3. 14 𝐻𝐻2𝑆𝑆 + 3𝐶𝐶𝐶𝐶(𝐻𝐻𝐶𝐶𝑆𝑆3) 2
                   
�⎯⎯⎯⎯⎯�  2𝐴𝐴𝑙𝑙(𝑆𝑆𝐻𝐻)3  ↓  +3𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆4 + 14 𝐻𝐻2𝑆𝑆 + 6 𝐶𝐶𝑆𝑆2 
Ferric sulfate with the formula Fe2(SO4)3 requires alkalinity in the form of a hydroxide ion 
to produce a rapid reaction. Consequently, slaked or hydrated lime is usually added to raise the 
pH to a level where the ferric ions precipitate as ferric hydroxide. The simplified chemical 
reaction is:  
 𝐹𝐹𝐹𝐹2(𝑆𝑆𝑆𝑆4)3 + 3 𝐶𝐶𝐶𝐶(𝐻𝐻𝐶𝐶𝑆𝑆3)2  
            
�⎯⎯�  2 𝐹𝐹𝐹𝐹(𝑆𝑆𝐻𝐻)3 ↓ +2𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆4  + 6 C𝑆𝑆2  
Ferric sulfate and lime coagulation are usually more expensive than alum. In general, the 
precipitate formed is a dense and quick settling floc (Reynolds & Richards). 
Aluminum chlorohydrate (ACH) is an inorganic polymer with a general formula 
Al2(OH)5Cl. 2 H2O, containing 23-24 percent Al2O3 and 83% basicity. It is a white solid powder 
that is readily soluble. ACH also has a slight effect on the pH and alkalinity of wastewater. 
Although its main application is drinking water purification, it is suitable for industrial and 
sewage treatment. 
ACH is the most concentrated soluble aluminum-based coagulant available and has a high 
positive charge that is ideal for removing negatively charged contaminants (Edzwald, 2011). 
Because of the high metal content, its dosage is often one-third of that needed for liquid alum. 
Using ACH produces denser, firmer, and more settleable flocs compared with fluffier flocs 
produced by traditional inorganic coagulants.  
𝐴𝐴𝑙𝑙2(𝑆𝑆𝐻𝐻)5𝐶𝐶𝑙𝑙
                 
�⎯⎯⎯⎯�𝐴𝐴𝑙𝑙2(𝑆𝑆𝐻𝐻)5
+ + 𝐶𝐶𝑙𝑙− +  𝐻𝐻2𝑆𝑆 
                 
�⎯⎯⎯⎯�2 𝐴𝐴𝑙𝑙(𝑆𝑆𝐻𝐻)3 ↓ +3 𝐻𝐻+ + 3 𝐶𝐶𝑙𝑙−  
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Long-chain polymers are increasingly widely used as coagulants. They can be either 
positively or negatively charged (cationic or anionic) or neutral (nonionic). Polymers enhance 
coagulation/flocculation of charged particles and ions in wastewater by bridging between 
suspended particles in wastewater, or neutralizing particles (Amirtharajah & O'Melia, 1990) 
3.3 Polymers Used in This Research 
Polyamine and poly-DADMAC were chosen as the polymers in this study.  
Polydiallyldimethylammonium chloride (poly-DADMAC) is a cationic polymer at a pH less than 
10. It is used in wastewater treatment as a primary organic coagulant which 
neutralizes negatively charged colloidal material and reduces sludge volume compared 
with inorganic coagulants. Organic polyDADMAC works over a wide pH range, and this may 
prove to be an advantage. 
Poly-DADMAC type 1, type 2 and type 3 were 100 percent concentrated with moderately 
high molecular weight and relatively high cation charge. They were provided by BASF chemical 
company.  
Polyamines are organic compounds having two or more primary amino groups. Polyamine 
type 1 was of relatively high molecular weight with a moderately high cation charge, provided 
by GEO Specialty Chemicals.Polyamine type 2 has a slightly lower molecular weight than the 
polyamine type 1, and polyamine type 3 has a slightly higher molecular weight than polyamine 
type 1. All were provided by the BASF chemical company. For the purpose of administering a 




3.4 Jar Test Methodology 
A Phipps and Bird PB-700 apparatus with six paddle stirrer was used for running the jar 
tests. The jars had a capacity to hold two-liter samples. In this study, chemicals were added 
before maximum agitation for one minute (rapid mixing). Flocculation speeds were fixed at 25 
rpm for 15 minutes. 
After 30 minutes settling of the coagulated wastewater, supernatants were taken from a 
sampling port located 10 cm below the water surface. The following analyses were performed on 




An Orion 920A+ pH meter was used to measure pH in the samples. The meter was 
calibrated each time before a jar test using three standard buffer solutions (4.0, 7.0, and 10.0). 
After calibration and setting the instrument on pH measuring mode, the electrode was rinsed and 
placed into the sample. The pH was recorded directly from the main meter display.  
3.5.2 Total Suspended Solids (TSS) 
TSS of wastewater samples and supernatants were measured in triplicate according to 
Method 2540 D of the Standard Methods for the Examination of Water and Wastewater (2000 
Edition).  
To determine total suspended solids, a well-mixed specific amount of a sample was filtered 
through a Whatman 934-AH Glass microfiber filter. Pads were then dried for at least 1 hour at 
103 to 105 ᵒC in an oven and cooled in a desicator for 15 minutes.  The TSS of a sample was 
calculated using differences between weights of the pad before and after filtering.  
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𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝐶𝐶𝑙𝑙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐹𝐹𝑠𝑠𝑠𝑠𝐹𝐹𝑠𝑠 𝑠𝑠𝑡𝑡𝑙𝑙𝑠𝑠𝑠𝑠𝑠𝑠 𝐿𝐿⁄  =
(𝐴𝐴 − 𝐵𝐵)×100
𝑠𝑠𝐶𝐶𝑚𝑚𝑠𝑠𝑙𝑙𝐹𝐹 𝑣𝑣𝑡𝑡𝑙𝑙𝑠𝑠𝑚𝑚𝐹𝐹,𝑚𝑚𝑙𝑙
    
Where:  
                                A = weight of filter + dried residue, mg, and  
                                B = weight of filter, mg 
3.5.3 Chemical Oxygen Demand (COD) 
The COD of each sample was measured with a Hach DR 6000 UV-VIS spectrophotometer 
after digestion. COD of raw and chemically treated wastewater samples were measured in 
duplicate using two high range (20-1,500 mg/L COD (HR)) TNTplus TM 822 (Method 8000) 
digestion solution vials. The Method is USEPA approved for wastewater analyses as USEPA 
Reactor Digestion Method. For digestion purposes, they were heated in a Hach COD reactor for 
two hours. Because of the high amounts of chemical oxygen demand in raw wastewater samples, 
they were diluted with a dilution factor of ½ in most cases. 
3.5.4 Biological Oxygen Demand (BOD5) 
The resulting supernatants from the jar tests and raw wastewater samples were also tested 
for BOD5. Their BOD5 was measured as stated in Method 5210 of the Standard Methods for 
Examination of Water and Wastewater (2000 Edition). For quality control purposes, two 
different dilutions of a sample and each in triplicate were used. In this study, dissolved oxygen 
values were measured with a YSI 5100 Dissolved Oxygen Meter. After five days of incubation, 
only BOD bottles that had minimum dissolved oxygen of 1.0 mg/L, and minimum dissolved 
oxygen depletion of 2.0 mg/L were used for BOD5 measurement.  
The BOD5 of a sample was calculated using differences between dissolved oxygen of 










Where:   
D1 = DO of diluted sample immediately after preparation, mg/L  
D2 = DO of diluted sample after five days incubation at 20 °C, mg/L   
P = Decimal volumetric fraction of sample used, where  
1/P = dilution factor 
In this research, the samples were from an actual WWTP treating mixed influent of both 
municipal and industrial wastewater. It means that the samples had sufficient population of 
microorganisms, and seeding was not needed (i.e. S=0 & Vs =0). For same reason, glucose-
glutamic acid check that is used primarily for seed quality check also was not needed.  
3.5.5 Phosphorous 
Total phosphorous (TP) of each sample was measured with a Hach DR 6000 UV-VIS 
spectrophotometer after acid digestion. TP of raw and chemically treated wastewater samples 
was measured in duplicate using two ultra-high range (2-20 mg/L PO4-P) TNTplus TM 845 
(Method 10209/10210) digestion solution vials. For digestion purposes, they were heated in an 
oven at 100° C for one hour. According to instrument manual, in this method named as 
“Ascorbic Acid Method” “Ammonium molybdate and antimony potassium tartrate react in an 
acid medium with dilute solutions of phosphorus to form an antimony-phospho-molybdate 
complex. This complex is reduced to an intensely blue-colored complex by ascorbic acid. The 
color is proportional to the phosphorus concentration and is measured with the 
spectrophotometer (Hach Company 2008). 
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3.5.6 Total Kjeldahl Nitrogen (TKN) 
Total Kjeldahl Nitrogen (TKN) was measured according to method 351.4 from the 
Methods for the Chemical Analysis of Water and Wastes (MCAWW) (EPA/600/4-79/020). For 
quality control purposes, each sample was measured in triplicate. In this method, a 50-ml sample 
was digested using 10 mL of sulfuric sulfate-potassium sulfate solution according to a Micro 
Kjeldahl procedure. Digestion converts all organic nitrogen to ammonia. 
 After cooling to room temperature and adding distilled water to a Kjeldahl flask, pH was 
adjusted between to 3 and 4.4 by addition of NaOH. Finally, the sample was cooled and 
transferred to a 100 mL beaker. While mixing the sample with an immersed Ammonia Ion 
Selective Electrode (ISE), the NaOH-NaI-EDTA reagent was added. After a period of time, the 
reading on the main meter display of a calibrated Orion EA525 Expandable Ion Analyzer should 














3.6 Proposed Jar Tests Chart 





Coagulant name mg/L mg/L mg/L mg/L mg/L mg/L 
Phase1- Primary Coagulants 
 
Alum 0  40 80 120 160 240 
Ferric Sulfate 0 80 140 200 300 400 
Aluminum Chlorohydrate (ACH) 0   40 80 120 160 240 
Phase2- Polymers (As Primary Coagulant) 
Polydiallyldimethylammonium 
chloride (poly DADMAC)  ─ type1 
0 40 80 120 160 240 
poly DADMAC ─  type 2 0 40 80 120 160 240 
poly DADMAC ─  type 3 0 40 80 120 160 240 
Polyamine ─  type 1 0 40 80 120 160 240 
Polyamine ─  type 2 0 40 80 120 160 240 
Polyamine ─  type 3 0 40 80 120 160 240 
Phase3- ACH-Polymer 
 
ACH + poly DADMAC ─  type 1 0 140-60 150-50 160-40 170-30 180-20 
ACH + poly DADMAC ─ type  2 0 140-60 150-50 160-40 170-30 180-20 
ACH + poly DADMAC ─  type 3 0 140-60 150-50 160-40 170-30 180-20 
ACH + poly amine ─ type  1 0 140-60 150-50 160-40 170-30 180-20 
ACH + poly amine ─  type 2 0 140-60 150-50 160-40 170-30 180-20 
ACH + poly amine ─  type 3 0 140-60 150-50 160-40 170-30 180-20 
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4. RESULTS AND DISCUSSION 
4.1 Phase1- Primary Coagulants Performance Comparison 
Initial performance evaluations of alum, ferric sulfate and ACH were analyzed. Each jar 
test included five different dosages of a coagulant and a jar of the untreated sample for 
comparison purposes. The goal of these jar tests was to assess the performance of each primary 
coagulant in reducing pollutant concentrations prior to biological treatment. 
Phase one tests were as follows: 
The sample in jar six treated with 240 mg/L of alum produced the best results by removing 
94% of TSS and 34% of BOD5. In comparison with primary clarification and biotower treatment, 
alum improved TSS removal from 53% to 94%, but BOD5 removal was about 34% and lower 
than 71% which is TSS removal in primary clarifier-biotower. Jar test 1 was conducted using 
alum as the coagulant at dosage range of 40-240 mg/L. Results are shown in Table 4. 
Table 4: Jar Test 1 – Alum Coagulation 
Jar 
 
Alum TSS COD TP TKN BOD5 pH Sludge 
 mg /L mg /L mg /L mg /L mg /L mg /L  ml/L 
Raw 0 730 2333 11 65 936 6.8  
1 0 149 1634 8 40 771 6.8 50 
2 40 96 1549 6 31 746 6.8 80 
3 80 78 1463 6 31 625 6.8 115 
4 120 51 1342 6 22 657 6.7 125 
5 160 52 1370 5 16 605 6.7 150 
6 240 43 1302 5 11 612 6.6 170 
 
Jar test 2 was conducted using ACH as the coagulant at dosage range of 40-240 mg/L. 
Results are shown in Table 5. Using 240 mg/L of ACH in jar 6 removed 97% TSS, which is 
significantly more than primary clarifiers-trickling filters TSS removal (53%). Its BOD5 removal 
was about 35%, which is less than primary clarifiers-trickling filters BOD5 removal (71%). 
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Table 5: Jar Test 2 – ACH or Aluminum Chlorohydrate Coagulation 
Jar ACH TSS COD TP TKN BOD5 SBOD5 PH SLUDGE 
 mg /L mg /L mg /L mg /L mg /L mg /L mg /L  Ml/L 
Raw 0 557 1983 9 66 799 678 5.2  
1 0 123 1358 6 51 689 676 5.2 60 
2 40 77 1213 2 26 612 594 5.2 100 
3 80 48 1167 1 23 615 616 5.2 125 
4 120 35 1152 1 18 603 591 5.3 175 
5 160 21 1081 1 15 583 571 5.4 190 
6 240 15 1053 0.5 14 519 627 5.4 230 
 
Jar test 3 (Table 6) was conducted using ferric sulfate as the coagulant at a dosage range of 
40-400 mg/L.TSS removal of 97% and 36% BOD5 removal were the best results of this jar test 
achieved by applying 400 mg/L of ferric sulfate. Although 400 mg/L of ferric sulfate removed 
97% TSS, it did not enhance BOD5 removal in comparison to primary clarifiers – biotower 
treatment. It can be seen that high TSS removal is achievable by using lower dosages of ACH 
and alum (240 mg/L). 
Table 6: Jar Test 3 - Ferric sulfate 
Jar Ferric  
sulfate 
TSS COD TP TKN BOD5 SBOD5 pH Sludge 
 mg /L mg 
/L 
mg /L mg /L mg /L mg /L mg /L  mL/L 
Raw 0 823 1887 13 94 1039 768 6  
1 0 144 1796 10 27 823 762 6.7 210 
2 40 63 1636 10 21 741 726 6.7 250 
3 140 43 1557 9 25 748 728 6.5 270 
4 200 33 1480 6 21 750 650 6.2 280 
5 300 24 1407 7 37 716 723 5.3 270 





Figure 3: Alum, ACH, and Ferric sulfate TSS Removal Percent 
Figures 3 through 7 show a comparison of removal percentages for alum, ACH, and ferric 
sulfate. According to these figures, TSS removal efficiencies were similar and in range of 86-
97%for all three chemicals. Also, BOD5 removal results were varying in a narrow range of 15-
35%. High soluble BOD concentration in wastewater could explain this, that most of BOD5 
removal was because of coagulating suspended part of BOD5 as TSS.  
Although, COD removal results were lower than 50% for all primary coagulants, but alum 
and ACH showed better results than ferric sulfate. Ferric sulfate had better TKN removal in low 
dosages, although its removal efficiency decreased by dosage increasing. This could be the result 
of charge reversal and restabilization of colloidal solids. 
As the data suggest, the primary advantage of using ACH was high TP removal. Also, 
ACH was more efficient at a dosage of 160 mg/L in comparison with the two other coagulants.     
Since one of the goals of the third phase of this study was to answer, “How effective will it be to 
replace a part of the primary coagulant with a small dosage of a cationic polymer?” ACH at 160 


























































































Figure 6: Alum, ACH, and ferric sulfate TP Removal Percent 
 
 































































Table 7 shows contaminant removal efficiencies for alum, ACH and ferric sulfate. 
Table 7: Primary Coagulant Efficacy Comparison 
Coagulants Concentration TSS COD BOD5 Phosph
orous 
TKN 







40 86.9 33.6 20.3 45.5 52.3 
80 89.3 37.3 33.2 45.5 52.3 
120 93 42.5 29.8 45.5 66.2 
160 92.9 41.3 35.4 54.6 75.4 







40 86.2 38.8 23.4 77.8 60.6 
80 91.4 41.2 23 88.9 65.2 
120 93.7 41.9 24.5 88.9 72.7 
160 96.2 45.5 27 88.9 77.3 





40 92.4 13.31 28.7 23.1 77.6 
140 94.8 17.5 28 30.8 73.4 
200 96 21.6 27.8 53.9 77.7 
300 97.1 25.5 31.1 46.2 60.6 
400 96.7 30.1 35.9 46.2 63.8 
  
4.2 Phase2- Polymers (As Primary Coagulant) Performance Comparison 
These series of jar tests were aimed at evaluating the performance of PolyDADMAC and 
polyamine polymers as coagulants at a dosage range of 40-240 mg/L. The main objectives here 
were to investigate how well these polymers perform as primary coagulants and to determine 
appropriate dosages for the next series of jar tests (phase 3).  
Phase two tests consisted of the following: 
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Jar tests 4, 5, and 6 were conducted using PolyDADMAC-type 1 (PD1), PolyDADMAC-
type 2 (PD2), and PolyDADMAC-type 3 (PD3) as the main coagulants. Table 8, 9, and 10 show 
the results of jar tests 4, 5, and 6. 
Table 8: Jar Test 4- Poly DADMAC Type 1 
Jar PD1 TSS COD TP TKN BOD5 SBOD5 pH Sludge 
 mg /L mg /L mg /L mg /L mg /L mg /L mg /L  mL/L 
Raw 0 730 2242 6 89 1024 829 6  
1 0 90 1785 5 64 861 822 5.9 140 
2 40 76 1286 5 56 800 787 6 150 
3 80 69 1020 5 40 766 721 6 175 
4 120 57 961 4 32 709 660 6 175 
5 160 49 972 4 21 703 671 6.1 160 
6 240 26 936 5 24 692 650 6.1 150 
 
Table 9: Jar Test 5- Poly DADMAC Type 2 
Jar PD2 TSS COD TP TKN BOD5 SBOD5 pH Sludge 
 mg /L mg /L mg /L mg /L mg /L mg /L mg /L  mL/L 
Raw 0 681 1620 9 43 822 572 6.2  
1 0 99 721 9 41 594 557 6.1 80 
2 40 27 639 8 39 550 505 6.2 100 
3 80 18 455 3 32 487 475 6.2 125 
4 120 29 570 6 33 568 503 6.2 115 
5 160 33 554 5 41 496 471 6.2 110 
6 240 42 627 7 38 480 447 6.2 100 
 
The data indicated that, using 240 mg/L of PD1, 80 mg/L of PD2 and 120 mg/L of PD3 
resulted in 96%, 97%, and 92% TSS removal, and 32%, 40%, and 35% BOD5 removal, 
respectively. All three PolyDADMAC polymer types showed better results for TSS removal in 
comparison with primary clarifiers-biotower TSS removal (53%); however their BOD5 removal 
was lower than primary clarifiers-trickling filters BOD5 removal (71%). 
PD1 showed 58% COD removal and 73% TKN removal at 240 mg/L dosage. Its optimum 
TP removal was 22% at 120 mg/L dosage. PD2 resulted in 55% COD removal, 67% TP removal, 
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and 26% TKN removal at 80 mg/L dosage. PD3 removed 38% COD, 83% TP, and 67% TKN at 
120 mg/L dosage.  
Jar tests 7, 8, and 9 were conducted using Polyamine-type 1 (PA1), Polyamine-type 2 
(PA2), and Polyamine-type 3 (PA3) as the main coagulants. Table 11, 12, and 13 show the 
results of jar tests 7, 8, and 9. 
Table 10: Jar Test 6- Poly DADMAC Type 3 
Jar PD3 TSS COD TP TKN BOD5 SBOD5 pH Sludge 
 mg /L mg /L mg /L mg /L mg /L mg /L mg /L  mL/L 
Raw 0 623 1413 6 42 758 550 5.9  
1 0 161 1384 5 41 553 529 5.9 70 
2 40 80 982 2 35 538 487 5.9 100 
3 80 77 962 2 28 503 454 5.9 125 
4 120 52 871 1 14 492 457 5.9 110 
5 160 73 866 2 36 509 482 6 100 
6 240 45 857 2 29 541 477 6 80 
 
Table 11: Jar Test 7- Polyamine Type 1 
Jar PA1 TSS COD TP TKN BOD5 SBOD5 pH Sludge 
 mg /L mg /L mg /L mg /L mg /L mg /L mg /L  mL/L 
Raw 0 674 1250 8 69 670 504 6.7  
1 0 115 825 8 57 516 506 6.6 50 
2 40 58 462 7 41 373 364 6.6 80 
3 80 16 293 7 31 341 340 6.5 100 
4 120 17 336 8 29 338 311 6.5 80 
5 160 25 313 5 46 298 288 6.5 80 









Table 12: Jar Test 8- Polyamine Type 2 
Jar PA2 TSS COD TP TKN BOD5 SBOD5 pH Sludge 
 mg /L mg /L mg /L mg /L mg /L mg /L mg /L  mL/L 
Raw 0 378 1300 9 52 669 479 5.7  
1 0 59 810 9 39 499 483 5.6 15 
2 40 76 839 8 29 552 482 5.6 10 
3 80 88 835 8 24 551 478 5.6 10 
4 120 84 800 8 21 493 414 5.7 5 
5 160 69 775 7 12 464 398 5.7 10 
6 240 50 766 5 10 422 348 5.7 15 
 
 
The data in last column of table above is correct, although it was expected to have higher 
amounts of sludge. The grab sample particularly had unexpected low TSS. 
Table 13: Jar Test 9- Polyamine Type3 
Jar PA3 TSS COD TP TKN BOD5 SBOD5 pH Sludge 
 mg /L mg /L mg /L mg /L mg /L mg /L mg /L  mL/L 
Raw 0 707 2223 6 52 1049 753 6.5  
1 0 146 1505 5 46 97 759 6.3 80 
2 40 46 1197 5 41 580 572 6.3 150 
3 80 45 1260 5 34 749 713 6.4 100 
4 120 43 1310 5 25 714 686 6.4 105 
5 160 31 1289 6 26 702 629 6.4 125 
6 240 48 1390 6 30 633 566 6.5 110 
 
The data suggest that using 80 mg/L of PA1, 240 mg/L of PA2 and 40 mg/L of PA3 
resulted in 97%, 86% and 93% TSS removal, and 49%, 37%, and 44% BOD5 removal, 
respectively. Utilizing different types of polyamine polymers at their optimum dosages removed 
significantly more TSS than the primary clarifiers-trickling filters, although their BOD5 removals 
were less. 
Also, polyamine polymers showed slightly better results in BOD5 removal than 
polyDADMAC polymers. 
PA1 resulted in 76% COD removal at 80 mg/L, 60% TP removal at 240 mg/L and 58% 
TKN removal at 160 mg/L dosages. PA2 removed 41% COD, 44% TP, and 80% TKN at 240 
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mg/L dosage. PA3 showed 46% COD removal, 16% TP removal and 21% TKN removal at 160 
mg/L dosages. 
Since there is no record of daily COD, TP, and TKN influent and effluent for treatment 
units of the Maxson WWTP, the removal comparison could be made just based on behavior of 



































Figure 10: POLYDADMAC & polyamine TP removal percent 
 
































































Figure 11: POLYDADMAC & polyamine TKN Removal Percent 


































































4.3 Phase3- ACH-Polymer Performance Comparison 
The purpose of the third phase was to determine the effects of adding a coagulant aid on the 
performance of the primary coagulant ACH. PolyDADMAC type 1, 2, and 3 and polyamine type 
1, 2, and 3 were used in phase 3 as coagulant aids. ACH dosages increased from 140 mg/L in the 
second jar to 180 mg/L in the sixth jar and simultaneously, the polymer dosages decreased from 
60 mg/L in the second jar to 20 mg/L in the sixth jar. For comparison purposes in all tests, jar 
one contained an untreated sample. 
The jar test 10 results suggested that utilizing a blend of ACH-PD1 at dosages of 150 mg/L 
of ACH and 50 mg/L of PD1 resulted in 99% TSS, 40% BOD5, and 64% COD removal. 91% TP 
and 70% TKN removal was achieved as nutrient removal. Furthermore, according to the results 
obtained from jar tests 2, using ACH-PD1 improved TSS and BOD5 removal about 3.8% and 
54%, respectively in compare with same dosage of ACH.  
At this optimum dosage, ACH-PD1 blend has a higher TSS removal and lower BOD5 
removal in comparison to clarifier-trickling filter removal efficiency. Tables 14 and 15 show the 
results of jar tests 10 and 11.  
Table 14: Jar Test 10- ACH-Poly DADMAC Type 1 
Jar ACH-
PD1 
TSS COD TP TKN BOD5 SBOD5 pH Sludge 
 mg /L mg /L mg /L mg /L mg /L mg /L mg /L  mL/L 
Raw 0 1137 2846 12 78 1097 781 6.3  
1 0 304 1171 10 37 874 752 6.2 90 
2 140-60 36 866 1 26 722 690 6.6 350 
3 150-50 8 1020 1 23 650 606 6.8 380 
4 160-40 7 887 1 34 638 566 6.7 380 
5 170-30 5 904 1 28 699 681 6.5 410 




Table 15: Jar Test 11- ACH- Pol DADMAC Type 2 
Jar ACH-
PD2 
TSS COD TP TKN BOD5 SBOD5 pH Sludge 
 mg /L mg/L mg /L mg /L mg/L mg /L mg /L  mL/L 
Raw 0 1013 2291 8 69 1081 684 5  
1 0 137 1319 6 30 755 667 4.9 90 
2 140-60 7 1060 0.5 16 641 631 4.9 300 
3 150-50 9 1089 0.5 15 655 644 4.8 290 
4 160-40 9 1058 0.5 18 720 667 4.8 270 
5 170-30 9 1067 0.5 13 698 674 4.9 290 
6 180-20 8 1061 0.5 10 632 619 6.5 310 
 
At 140 mg/L ACH and 60 mg/L PD2, 99% TSS, 40% BOD5, and 53% COD removal were 
achieved. Seventy six percent TKN, and 93% TP removal were achieved at same dosages. 
Employing a combination of ACH-PD2 enhanced TSS and BOD5 removals 4.5% and 57% in 
comparison to same dosage of ACH in jar test 2.  
The combination of ACH-PD3 at 140 mg/L ACH and 60 mg/L PD3, resulted in about  
99% TSS removal, 39% BOD5 removal, and 53% COD removal. Although, ACH-PD3 removed 
95% of TP, its TKN removal (59%) was lower than other ACH-PD blends. ACH-PD3 blend 
improved TSS and BOD5 removals about 4.8% and 54.3% in comparison to same dosages of 
ACH in jar tests 2.  









Table 16: Jar tTest 12 – ACH- Poly DADMAC Type 3 
Jar ACH-
PD3 
TSS COD TP TKN BOD5 SBOD5 pH Sludge 
 mg /L mg /L mg /L mg /L mg /L mg /L mg /L  mL/L 
Raw 0 1014 2338 10 98 995 699 6  
1 0 131 1376 8 57 724 675 6.1 100 
2 140-60 4 1091 0.5 40 599 607 6.2 290 
3 150-50 3 1047 0.5 44 597 682 6.2 300 
4 160-40 5 1070 0.5 46 651 640 6.3 310 
5 170-30 5 1049 0.5 39 654 635 6.3 325 
6 180-20 5 1060 0.5 41 645 653 6.4 340 
 
More than 90% total phosphorus (TP) removal is achievable using smaller dosages of ACH 
(about 140 mg/L) in a mixture of ACH- PolyDADMAC, while in previous jar tests 240 mg/L of 
ACH resulted in 94 percent removal of TP. Also, PD1 at 120mg/L, PD2 at 80 mg/L, and PD3 at 
120 mg/L resulted in 33%, 66%, and 83% TP removal, respectively.  
 According to data, ACH-PD blends showed similar behavior in TP removal. Figure 17 
illustrates that TP removals increase from about 20% in first jar to more than 90% in second or 
third jar and remains approximately constant in next jars by increasing ACH and decreasing Poly 
DADMAC dosages. Although, high TP removal efficiency is noticeable, it will present a 
problem for activated sludge process. Lack of nutrients such as phosphorous could disturb 
microorganisms’ ability to remove BOD and COD in activated sludge unit. 
COD removal was about 47% at 240mg/L of ACH in the second jar test. Optimum COD 
removal of PD1 at 240mg/L, PD2 at 80 mg/L, and PD3 at 160 mg/L were about 58%, 72%, and 
39%, respectively. In the third phase of the study with lower dosages of ACH and 
polyDADMAC type 1, 2, and 3, COD removal increased to 70%, 54% and 55%, respectively.  
ACH removed about 77% TKN at 160 mg/L. Highest TKN removal of PD1 at 160 mg/L 
was 76%. Highest TKN removal of PD2 at 80 mg/L was 25%, and PD3 at 120 mg/L removed 
66%, of TKN.  
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As the data suggest, using ACH-PD1 at dosages of (150- 50 mg/L) and ACH-PD2 at 
dosages 0f (140-60 mg/L) removed 70% and 59% of TKN, does not show a meaningful 
improvement in TKN removal efficiency in comparison to jar tests 2, 4, and 6. ACH-PD3 did not 
show any improvement compared to use of PD3 alone. 
In jar test 11, TKN removal increased to 85 % by increasing ACH and decreasing PD2 
dosages. The higher TKN removals will result in nutrient deficiency in the activated sludge 
process.  
Figures 13 - 17 shows ACH-PolyDADMACs performance comparisons for TSS, COD, BOD5, 
TKN, and TP. 
 



































































































































Figure 17: ACH-PD1, ACH-PD2, and ACH-PD3 TP Removal Comparison 




The data indicated that in jar test 13, ACH-PA1 blend at dosages of 140-60 mg/L removed 
about 99% of TSS, 45% BOD5, and 68% COD. Nutrient removals were about 66% TP and 66 % 
TKN. Adding PA1 improved TSS and BOD5 removal about 4.9% and 76% in comparison to the 
same dosages of ACH in jar test 2.  
Tables 17, 18 and 19 show the results of jar tests 13, 14, and 15. 
Table 17: Jar Test 13- ACH- Polyamine Type 1 
Jar ACH-
PA1 
TSS COD TP TKN BOD5 SBOD5 pH Sludge 
 mg /L mg /L mg /L mg /L mg /L mg /L mg /L  mL/L 
Raw 0 1001 1809 9 81 733 462 6.6  
1 0 142 916 5 43 497 458 6.8 100 
2 140-60 3 578 3 27 400 396 7.1 350 
3 150-50 4 587 3 31 389 381 7 400 
4 160-40 5 583 3 42 380 377 7.1 400 
5 170-30 4 583 3 38 390 382 7.1 400 
6 180-20 5 586 2 28 381 373 7.1 410 
 
Table 18: Jar Test 14- ACH- Polyamine Type 2  
Jar ACH-
PA2 
TSS COD TP TKN BOD5 SBOD5 pH Sludge 
 mg /L mg /L mg /L mg /L mg /L mg /L mg /L  mL/L 
Raw 0 951 1650 10 100 560 359 6.6  
1 0 112 749 6 48 385 329 6.7 80 
2 140-60 1 529 0.5 32 350 331 7.2 330 
3 150-50 0.5 514 0.5 33 339 323 7.2 350 
4 160-40 1 520 0.5 38 333 317 7.4 370 
5 170-30 1 517 0.5 30 326 320 7.3 370 
6 180-20 1 521 0.5 27 284 320 7.3 410 
ACH-PA2 blend at dosages of 150-50 mg/L removed more than 99% of TSS, 39% of 
BOD5, and 68% of COD. It also removed 67% of TKN and 95% of TP. Using PA2 as a second 
coagulant, improved ACH ability to remove TSS and BOD5 about 4.5% and 49.4% in 
comparison with same dosage in second jar test.  
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Table 19: Jar Test 15- ACH- Polyamine Type 3 
Jar ACH-
PA3 
TSS COD TP TKN BOD5 SBOD5 pH Sludge 
 mg /L mg /L mg /L mg /L mg /L mg /L mg /L  mL/L 
Raw 0 951 2318 11 61 1062 596 7  
1 0 157 1112 10 34 592 540 6.7 50 
2 140-60 8 802 1 23 506 502 7.2 250 
3 150-50 7 806 1 16 498 491 7.2 250 
4 160-40 4 798 1 15 509 502 7.4 260 
5 170-30 4 799 0.5 15 507 503 7.3 260 
6 180-20 4 796 0.5 14 499 497 7.3 270 
The last Jar test was conducted using a blend of ACH-PA3. According to the experimental 
data, ACH-PA3 at dosages of 150-50 mg/L removed 99% of TSS, 65% of COD and 53% of 
BOD5. Its nutrient removals for TP and TKN were about 90% and 73%. Similar to other ACH-
PA blends, it had a small effect on improving TSS removal. This rate was about 3.8% for ACH 
at same dosages in jar test 2. However, BOD5 removal improvement was noticeable. It was about 
101% improvement compared to jar test 2. 
COD removal was about 43% at 140 mg/L of ACH in the second jar test. As the data 
indicate, ACH-PA blends showed similar behavior in COD removal efficiencies. Using PA1, 
PA2, and PA3 as a coagulant aid increased the ability of ACH to remove COD yielding 58%, 
61%, and 54% removal, respectively, in comparison to the same dosages of the ACH in second 
jar test. 
TP removal in the second jar test was 88% at 140 mg/L of ACH. ACH-PA2 and ACH-
PA3, both at dosages of 150-50 mg/L, improved TP removals 2% and 7%, respectively. ACH-
PA1 TP removal was lower than ACH removal at same dosages. High TP removal is often a goal 
for a wastewater treatment process. However, because is an activated sludge follows trickling 
filters in the Maxson WWTP, CEPT with more than 90% TP removal could result in nutrient 
deficiency and interruption in biological wastewater treatment is used to replace the biotowers. 
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ACH removed about 76% of TKN at 150 mg/L dosage in the second jar test. According to 
the experimental data, ACH-PA blends did not improve TKN removal in comparison to ACH as 
main coagulant in the second jar test.  
Figures 18 - 22 compare ACH-polyamine performance in terms of TSS, COD, BOD5, TKN, and 
TP removal efficiency. 
JAR NUMBER
Figure 18: ACH-PA1, ACH-PA2, and ACH-PA3 TSS Removal Comparison 
JAR NUMBER


















































Figure 20: ACH-PA1, ACH-PA2, and ACH-PA3 BOD5 Removal Comparison

























































Figure 22: ACH-PA1, ACH-PA2, and ACH-PA3 TKN removal comparison 
4.4 Experimental Summary 
The wastewater used in this study typically had a hazy appearance with a slight yellowish 
color. As the data indicate, although using a coagulant decreases a significant portion of TSS, it 
usually does not reduce BOD5 at the same rate. The reason for this is that about 70% of the 
influent BOD5 is in soluble form. The results also show that adding a metal salt did not change 
the pH of the wastewater dramatically. This seems to be because of a significant amount of 
alkalinity in the Maxson WWTP influent. Comparing the best results of each jar test with the 
primary clarifiers-trickling filters effluent (activated sludge influent) demonstrated how 
employing CEPT could possibly impacts subsequent treatment units.  
According to experimental data in this research, it is expected that high TP removal will 
likely cause nutrient deficiency in chemically enhanced treated wastewater and pose a problem 
to the activated sludge process. 
As a general rule, for every 100 mg/L of BOD5, 1mg/L of phosphorus will be needed for 
good biological wastewater treatment. In nearly all of the jar tests performed in this study, 




























metabolism in the activated sludge process. For every 100 mg/L of BOD5, 5mg/L of nitrogen 
will be needed for good biological treatment. 
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5. CONCLUSIONS
The aim of this research was to determine the impacts of various coagulants and their 
mixtures on the effluent quality of primary clarifiers at the Maxson WWTP, and to estimate how 
using CEPT could enhance the subsequent treatment process. Another option to consider was 
eliminating the biotowers from the wastewater treatment process by utilizing CEPT and 
improving the influent quality of the activated sludge process. 
The first jar of each jar test contained an untreated sample to simulate the same condition 
as primary clarifiers in the WWTP. The average TSS reduction in untreated samples was in the 
range of 73% to 88% with an average of 82 percent, while BOD5 removal was in a range of 7% 
to 44% with an average of 24%. 
Based on actual WWTP operating data, the primary clarifiers remove about 63% of TSS 
and 26% of BOD5. Biotowers reduce BOD5 and increase TSS due to sloughing. Consequently, 
the plant influent pollutant reduction across the primary clarifiers and biotowers is about 71% for 
BOD5 and about 53% for TSS prior to entering the activated sludge reactors. 
The effects of using alum, ACH, and ferric sulfate as coagulants were evaluated in the first 
phase of the study. Alum and ACH were employed over a dosage range of 40 - 240 mg/L and 
ferric sulfate was used over a range of 40 - 400 mg/L. Theses coagulants improved TSS removal, 
especially in high dosages in comparison to the primary clarifiers. BOD5 removal in these series 
of jar tests did not show improvement compared to the primary clarifier BOD5 removal, which 
was attributed to the high amount of soluble BOD5 in influent wastewater.  
The second phase of the study was conducted with six jar tests using three types of each of 
two polymer coagulants, polyamine and polyDADMAC. The dosages of all of the applied 
polymers ranged from 40 to 240 mg/L. The addition of polymers provided significant 
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improvements in TSS removal, and also marginal improvements in BOD5 removal. The most 
effective polyDADMAC was PD2 with 97% TSS removal and 41% BOD5 removal at a dosage 
of 80 mg/L. The most effective polyamine was PA1 with 97% TSS removal and 49% BOD5 
removal at a dosage of 80 mg/L. Using PD2 or PA1 in the primary clarifiers could remove 
significant amounts of TSS in comparison with the clarifiers/biotowers, but BOD5 removal will 
be less than that obtained through the clarifiers/biotowers.  
ACH was used in conjunction with polyDADMAC and polyamine for wastewater 
treatment in the third phase of the research. ACH – PolyDADMAC and ACH-polyamine (type 1, 
type 2, and type 3) blends provided more than 99% TSS removal even at low dosages of 140-150 
mg/L of ACH and 50-60 mg/L of PD and PA. They also improved BOD5 removal in comparison 
with using ACH alone as a coagulant.  
Other characteristics of wastewater including COD, TKN, TP, and soluble BOD5 were 
measured in this research. However, the Maxson WWTP does not measure these regularly in 
influent and effluent of each unit. Thus, comparison of CEPT treatment with the 
clarifiers/biotowers cannot be made. High removal efficiency for TP using CEPT could present 
nutrient deficiency problems for the activated sludge process. 
Studying sludge production rate indicated that generally, using polymers (PolyDADMAC 
and Polyamine) alone as a coagulant produced a denser sludge when compared with applying 
them as a secondary coagulant in conjunction with ACH. In other words, ACH – polymer blends 
in chemically enhanced coagulation/flocculation jar tests produced large quantities of fluffy 
chemical sludge. This may present problems with sludge treatment at the Maxson WWTP. 
 Chemically enhanced primary treatment gave remarkable results in removing TSS. A lower TSS 




The following topics are recommended for further research: 
1. For enhancing clarifier performance at the Maxson WWTP, using ACH-Polyamine type-
1 is recommended. All ACH-Polymer blends showed optimum results in similar dosages. 
Regardless of the combined dosages of ACH and polymer used almost all TSS is 
removed ACH-Polyamne type-1 had the lowest TP and TKN removal which could 
prevent nutrient deficiency in activated sludge unit. 
2. Future research should evaluate lower dosages of ACH (less than 140 mg/L) with 
different dosages of polymers to investigate the optimum dosages of a blend of primary 
coagulant- polymer. 
3. Future research should evaluate the impact of polymer molecule weight of polymers on 
CEPT performance. 
4. Future research should evaluate the impact of polymer charge density on CEPT 
performance. 
5. Future study of Maxson WWTP alkalinity should be done to understand reasons for the 
observed pH behavior. 
6. Future evaluation of probable concerns regarding treatment and handling of waste sludge 
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